Precipitation of extensive calcite cement during burial diagenesis can strongly modify the depositional permeability of a sandstone reservoir and affect fluid flow during production. To predict subsurface flow through cemented reservoirs, permeability distributions used in fluid-flow models must reflect this diagenetic overprint. Calcite cements in sandstones commonly occur as irregularly distributed concretions, which makes it difficult to predict diagenetic permeability modifications in the subsurface from typically spaced wells. Outcrops can provide a continuous image of heterogeneity produced by concretionary calcite cements.
cemented, high net-to-gross center of the sandstone body. Because the cement mainly occurs within the highest permeability facies in the sandstone body, a model based on depositional facies alone would overestimate upscaled permeability of the Frewens sandstone.
I N T R O D U C T I O N
Permeability distribution in most sandstone reservoirs is influenced not only by depositional processes, which control grain size, sorting, and shale-bed distribution, but also by postdepositional diagenesis. Precipitation of cements during burial adds a diagenetic overprint to permeability distribution that must be included in reservoir models to simulate fluid flow accurately. Carbonate cement may have a strong influence on fluid flow (for example, Kantorowicz et al., 1987; Saigal and Bjørlykke, 1987; Bjørkum and Walderhaug, 1990a; McBride et al., 1995; Morad, 1998) because it is commonly concentrated in layers or concretions rather than being uniformly distributed. The influence of concretionary carbonate cement on fluid flow in reservoirs is not easy to quantify, however, because it is difficult to determine the distribution of this diagenetic heterogeneity from subsurface data.
Outcrops provide a continuous image of interwell-scale cement distribution in reservoir analogs. In our study, calcite concretions were mapped in a well-exposed outcrop of a deltaic sandstone, and the effects of the concretions on fluid flow were quantified by flow modeling. The outcrop exposes the Upper Cretaceous Frewens sandstone, the deposit of a tide-influenced delta in the Frontier Formation of central Wyoming. Our goals were to (1) quantify the size and spatial distribution of calcite concretions, (2) model the effect of the cement on fluid flow, and (3) provide geostatistical data that can be used to condition models of concretionary calcite-cement distribution in the subsurface.
Our study demonstrates the importance of including diagenesis-modified permeability distribution in reservoir models of cemented sandstones. Although concretion dimensions and distribution may be different in analog reservoirs, few geostatistical data sets for such diagenetic features are available in the literature. In the absence of reservoir-specific information, the Frewens data can be used to stochastically estimate cement distribution in analogous deltaic sandstones.
G E O L O G I C S E T T I N G

Deposition of the Frewens Sandstone
The Frewens sandstone (Figure 1 ) is interpreted to be deposits of a tide-influenced delta that prograded into the Cretaceous Interior seaway (Willis et al., 1999; Bhattacharya and Willis, 2001 ). The Figure 1 . Location of the study area on the west margin of the Powder River basin and the position of other Laramide basins in Wyoming (modified from Dutton et al., 2000) .
A C K N O W L E D G E M E N T S
sandstone is elongate into the basin (southeast) and contains two upward-coarsening internal sandstone bodies, each as much as 30 m thick, 3-4 km wide, and about 20 km long (Willis et al., 1999) . The bodies each record delta-lobe progradation into a narrow trough between an older wave-dominated delta lobe to the south and a basin-floor ridge created by subtle structural uplift to the north (Bhattacharya and Willis, 2001) . Both sandstone bodies have gradational bases and sharp upper contacts with overlying shales. The sandstone bodies are composed of meters-thick, seaward-inclined beds that tend to be sandier updip and more heterolithic downdip. Beds record deposition of sands during rapid delta-front progradation, followed by the more gradual aggradation of shales and tidal reworking.
Frewens sandstones are composed of five facies that generally occur in the following upward-coarsening succession: (1) thinly interbedded, rippled sandstones and mudstones; (2) decimeter-thick sandstone beds isolated within facies 1; (3) meter-thick beds of heterolithic cross sets; (4) meter-thick beds of relatively homogeneous, cross-stratified sandstones; and (5) meters-thick cross sets of homogeneous sandstone (Willis et al., 1999) . The abrupt top of the sandstone bodies records transgressive ravinement during flooding of the delta (Willis et al., 1999) . The transgressive unconformity above the Frewens sandstone juxtaposes shell-bearing marine shales close to the top of the upper Frewens sandstone (Cobbin et al., 1994; Bhattacharya and Willis, 2001 ).
Origin of Frewens Concretions
Iron-bearing calcite is the most abundant cement in the Frewens sandstone, ranging in volume from 0 to 36% (average 2.6%) (Dutton et al., 2000) . Most of the calcite cement is localized in concretions. These large, tabular concretions generally follow bedding but may terminate within a bed or cut across facies. Many concretions are adjacent to shale drapes, either at the top of sandstone beds below a shale or at the base of sandstone beds above a shale. Calcite in many concretions has partly dissolved, probably since being exposed in outcrop, and hematite has precipitated in the resulting pores. The hematite gives the concretions a reddish color, easily distinguished from uncemented sandstones. The Frewens sandstone outcrops consequently provide an excellent opportunity to map cement distribution at the interwell scale.
In a previous study, petrographic and isotopic data were used to interpret the origin of the calcite cement in the Frewens sandstone and the timing of its precipitation (Dutton et al., 2000) . The d
18 O composition of the calcite ranges from ‫3.9מ‬ to ‫‰4.21מ‬ (Peedee belemnite [PDB] ), and the d 13 C composition ranges from ‫1.0ם‬ to ‫‰2.41מ‬ (PDB). The calcite cement is interpreted as having precipitated near maximum burial depth (1.5 km), from evolved meteoric water or mixed meteoric-marine pore water (Dutton et al., 2000) .
The d 13 C composition indicates that the source of carbon was mostly biogenic carbonate, with a contribution of 13 C-depleted carbon derived from oxidation or decarboxylation of organic matter. No fossil fragments or molds of dissolved fossils, and very few trace fossils of burrowing organisms, have been observed in Frewens sandstone, suggesting that little internal biogenic carbonate existed. Instead, shell-bearing marine shales above the upper Frewens sandstone are interpreted to be the source of the biogenic carbonate (Dutton et al., 2000) .
The lack of an internal source of calcite cement implies that the Frewens concretions formed by fluid advection. At the relatively shallow maximum burial depth of 1.5 km, the hydrologic regime in which the concretions formed was probably dominated by meteoric flow, although shallow compactional flow continued as well (Dutton et al., 2000) . Compaction of the overlying marine shale appears to have expelled fluids containing calcium and biogenic carbonate into the Frewens sandstone, where it mixed with meteoric water in the regional groundwater flow system. Because permeability in the sandstone was greatest in the plane of bedding, flow followed bedding and concretions grew most rapidly in that direction, resulting in their tabular shape (McBride et al., 1994 (McBride et al., , 1995 Mozley and Davis, 1996) .
D I M E N S I O N S A N D D I S T R I B U T I O N O F C A L C I T E C O N C R E T I O N S
Cement distribution was quantified in a 362 m-long dip-parallel outcrop wall (Figure 2 ) and an adjacent 216 m-long strike-parallel wall of the upper Frewens sandstone. Photomosaics of the two outcrop walls were produced by digitally splicing together a succession of photographs taken on medium-format film from a helicopter. Digital maps of bedding, facies, shale beds, and cements were made from the photomosaics .
The size and spatial distribution of concretions in the upper Frewens sandstone were measured from the outcrop maps. Apparent length and thickness of 110 concretions were measured in the dip-parallel outcrop wall, and apparent widths of 43 different concretions were measured in the adjacent strike-parallel wall. Concretions as thin as about 15 cm were mapped; thinner concretions were not resolved. Concretion thickness was not measured in the strike wall because the dip of the beds and the backstepping of the outcrop face made it difficult to determine thickness accurately.
Limits of data collection were the edges of the exposed outcrop, but irregular outcrop boundaries can cause significant artifacts in fluid-flow simulation . To maximize the size of a rectangular flow-model interval, facies and bedding were extrapolated short distances beyond the outcrop limits, but cement bodies were not extrapolated. Thus, some areas at the top of the flow model show no concretions because that area of the outcrop was not exposed.
Calcite concretions occur in both the upper and lower Frewens sandstone bodies, but they are considerably more abundant in the upper body, particularly in the high-permeability, cross-stratified facies in the upper part of the sandstone. In the dip-parallel wall, 66% of the concretions occur in facies 5 and 23% in facies 4 (Figure 2 ).
Median dimensions of the concretions are 0.6 m in thickness (T), 4.2 m in length (L), and 5.3 m in width (W) ( Figure 3A -C). The median aspect ratio (T/L) of the concretions exposed in the dip section is 0.11 (Figure 3D) . McBride et al. (1995) described concretions with aspect ratios less than 1.5:1 (T/L Ͼ 0.67) as equant and concretions with aspect ratios greater than 2.5:1 (T/L Ͻ 0.4) as elongate. Concretions of intermediate dimensions are considered subequant. By that definition, most Frewens concretions are elongate (96%), and a few are subequant (4%). The volumes of the concretions exposed in the dip wall were calculated by assuming that the concretions are ellipsoids in which relations between thickness and length and thickness and width were the same (Dutton et al., 2000) . Most concretions are small (Ͻ40 m 3 ), but a few have volumes greater than 500 m 3 (Dutton et al., 2000) . The median volume is 4.4 m 3 . Concretions make up 12% of the area exposed in the dip-parallel outcrop wall. The percentage of the sandstone cemented by calcite ranged laterally between 0 and 27% (Figure 4); this proportion was normally distributed with a standard deviation of 5%. A randomly drilled vertical well through the sandstone would be cemented over 2-22% of its length in 95 out of 100 cases (two standard deviations).
Cement abundance increases toward the top of the outcrop ( Figure 5 ), but this vertical trend is irregular with a standard deviation from mean values of 11%. In the lower 10 m of the sandstone only 2% of the deposits are cemented on average, whereas in the upper 11 m of the sandstone 21% of the deposits are cemented on average. Although evidence for decreased cements in the upper 3 m of the outcrop (Figure 5) is probably an artifact of sampling across the irregular upper outcrop edge, others have reported examples where shale-derived calcite did not precipitate directly at the shale-sandstone contact (Sullivan and McBride, 1991; McBride et al., 1995; Taylor et al., 2000) .
The distribution of concretions can be quantified by plotting their centers (Figures 6, 7) . Concretion centers appear to be randomly distributed across the outcrop and are spaced on average at about one per 70 m 2 . A statistical test to determine if concretion centers are randomly distributed compared variability in the number of concretion centers exposed in specific subsampled regions of the outcrop to variability predicted assuming concretions centers are a univariate Poissondistributed random variable. The observed concretion counts were compared with those predicted using a Figure 2. Dip-oriented outcrop wall of the Frewens sandstone that was used to quantify concretion size and distribution (modified from Willis and White, 2000) . Concretions are the darker areas on the photomosaic within the light-colored sandstone. A graphic overlay made from the photomosaic shows distribution of facies and concretions. This plot is equivalent to taking a series of vertical wells through the outcrop and measuring the fraction of the sandstone thickness that is cemented. The cemented fraction has a normal distribution around a mean of 0.12 (r ‫ס‬ 0.05). outcrop) have an average area of 1.6 m 2 , whereas those in the upper part of the outcrop average 7.7 m 2 . The larger concretions at the top of the sandstone may have been formed by the aggregation of multiple original nucleation centers. As the individual concretions grew, many of those at the top of the sandstone may have grown together. The shapes of many of the largest concretions (Figure 2 ) suggest that they formed by aggregation of one or more concretions.
C O V A R I A N C E M O D E L S F O R C E M E N T D I S T R I B U T I O N
Geostatistics based on covariance is used widely to model both continuous and categorical variables. Compared with object models, covariance models are simpler to condition to observations and are sometimes simpler to infer. Methods of inferring variograms and creating stochastic images (or simulations) for continuous and categorical (or indicator) variables are well documented (e.g., Deutsch and Journel, 1998) .
Computing the Indicator Semivariograms
Indicator semivariograms were calculated to show vertical and horizontal anisotropy in the cement distribution within the Frewens sandstone. In this calculation, cement was transformed to an indicator variable assigned a value of 1 if cement were present at a given location and 0 if absent. Cement distribution is clearly anisotropic; that is, its pattern of spatial variability changes with direction. The direction of greatest continuity is inclined 2.5Њ downward to the right, following depositional dip. The direction of least continuity is nearly vertical. The anisotropy factor for the cement, defined as the ratio of the range in the greatest and least continuity directions (Kupfersberger and Deutsch, 1999) , is approximately 12. Because the horizontal and vertical semivariogram sills are not equal, the anisotropy is zonal rather than geometric (Deutsch and Journel, 1998, p. 27-30) . This feature can be modeled by using nested structures; the horizontal range of the additional variance component (needed to model the zonal anisotropy) is set to a very large value.
Distributing Cement in Reservoir Models
Many deltaic sandstone reservoirs have evidence from cores or geophysical logs (particularly density and neutron logs [Walderhaug et al., 1989; Worden and Matray, 1998 ]) that calcite concretions are present (for example, Ambrose et al., 1995) . To be realistic, a reservoir simulation should attempt to capture the diagenetic permeability overprint, as well as facies-controlled permeability trends. Reservoir-specific data from logs and core could be used to condition the mod- els that predict the size and spatial distribution of concretions.
The outcrop data described in a preceding section suggest that two different types of models could be considered to predict the distribution of calcite concretions in the subsurface: (1) a method that assumes a Poisson distribution for concretion centers and conditions concretion abundance, size, and shape from vertical well logs, analog outcrop data, or both; or (2) a geostatistical approach based on variography. The Poisson approach would be similar to the way shalelength data are used in object modeling (Begg and King, 1985; MacDonald and Halland, 1993; Robinson and McCabe, 1997) . However, the relatively low r 2 values (Figure 9 ) for the dimensional correlations suggest that it would be difficult to reproduce the observed trends in cement using this Poisson process, and object models may be more difficult to condition. An indicator variogram approach may be more useful for subsurface prediction of concretions using the Frewens sandstone data set.
An indicator variogram model to predict subsurface cement distribution is developed in White et al. (C. D. White, 2001, unpublished data) and is briefly discussed here to demonstrate one possible use of the type of outcrop analog data presented here. An indicator variogram (for example, Figure 10 ) of cement occurrence is converted to equivalent variograms for a truncated Gaussian variable (Matheron et al., 1987) . Once cement distribution is described in terms of a Gaussian variable, it is relatively easy to include observed trends in cement abundance. Images of cement concretions are created by imposing a vertically varying truncation probability (a proportion curve) on a geostatistically simulated Gaussian variable. The truncation process transforms the Gaussian simulations to cemented vs. noncemented indicator maps. These maps are refined using a simulated annealing algorithm (Deutsch and Journel, 1998 ) to improve conformance between specified and simulated semivariograms. Only the variogram is used in the annealing procedure, so that the annealing could be applied in three dimensions. Multipoint statistics (Caers et al., 2000) condensed the diffuse zones of cement predicted by Gaussian simulation to compact concretions observed in outcrop. The multipoint probabilities are more difficult to translate to three dimensions. An example image is shown in Figure 11 . The concretions mapped in outcrop ( Figure 11A ) and those predicted by this geostatistical simulation ( Figure 11B ) share many features: the overall proportion of cement is the same, the vertical trend is the same, and the angle of inclination of the cemented regions appears to be approximately correct. Similar images could be constructed for subsurface reservoirs using core-defined proportion curves and the variograms defined from this outcrop study.
F L U I D -F L O W S I M U L A T I O N
The influence that concretions would have on fluid flow in a reservoir was demonstrated using reservoir simulation. Flow through the dip-parallel Frewens outcrop wall was modeled in two dimensions; development of this reservoir-simulation model from quantitative outcrop data was described in Willis and White (2000) , and methods to quantify effects of geologic variability on reservoir-simulation predictions are described in White et al. (2001) . For the simulations shown here, depositional permeability variations were defined by a mean permeability for each facies type and a decrease in transmissibility between beds with draping shales (White and Barton, 1999) (Figure 2) . Permeability, determined from more than 2900 measurements on the outcrop using a probe-style, steady-state permeameter, ranged from 460 md in facies 1 to 3100 md in facies 5. Areas within calcite concretions were assigned a permeability of 0.1 md. The flow models (Computer Modeling Group, 1997; Schlumberger Technology Company, 1997) simulated a waterflood 
displacing oil. The water is injected into the left side of the simulation models, and oil and water are produced from the right side. The distribution of oil and water are shown after one-half of the pore volume of the model has been injected ( Figure 12 ). The effect of concretions on flow can be seen by comparing reservoir models with and without concretions. Concretions make flow paths more tortuous and cause breakthrough to occur lower in the section. Without concretions, breakthrough occurs first in the coarse facies 5 interval at the top of the section ( Figure  12B ). With concretions, breakthrough occurs lower in the section (in facies 3 and 4) because flow is retarded by the abundance of cement near the top of the sandstone body ( Figure 12C ). By preferentially reducing permeability of the coarsest grained facies, concretions may actually improve the vertical sweep efficiency of displacements.
Concretions significantly reduce upscaled permeability compared with uncemented sandstones. The upscaled permeability of this two-dimensional panel of Frewens sandstone was calculated by solving the steady-state flow equation for the permeability distribution with and without concretions. The presence of the concretions decreases the upscaled permeability of the modeled area by about 45% compared with a sandstone having the same shale-bed and facies distribution but no concretions (from 1220 to 667 md). Concretions have a large impact on upscaled permeability because the cement occurs within the most permeable part of the sandstone body. A model based on depositional facies alone would significantly overestimate upscaled permeability, thus demonstrating the importance of including diagenetic permeability modification in detailed reservoir models.
The upscaled permeability derived from the steady-state flow solution was compared to the geometric and arithmetic mean permeabilities. The geometric mean is k g ‫ס‬ , where k g is the overall Willis and White, 2000) . Low-permeability, inclined shales have a pronounced effect, shunting flow along the dip of the clinoform beds. (C) Simulation including both shales and concretions (modified from Willis and White, 2000) . Cemented regions make the flow path more tortuous and reduce effective permeability by about one-half. Concretions cause breakthrough to occur earlier and lower in the section because they retard flow most in high-permeability facies near the top of the sandstone body. underestimates upscaled permeability (k g ‫ס‬ 550 md vs. k true ‫ס‬ 667 md from the steady-state flow model). The arithmetic mean, k a ‫ס‬ f c k c ‫ם‬ (1 ‫מ‬ f c )k ss , overestimates the upscaled permeability (k a ‫ס‬ 1070 md). The arithmetic and geometric mean bound the upscaled horizontal permeability, k g Յ k true Յ k a (Cardwell and Parsons, 1945; Li et al., 1999) . For this case, the bounds are wide, 550 md Յ k true Յ 1070 md. Reservoir behavior was also simulated for the Frewens sandstone with calcite concretions modeled by the geostatistical methods of White et al. (C. D. White, 2001, unpublished data) . The flow effects of the outcrop-mapped concretions ( Figure 13A ) were compared to those of the geostatistical calcite concretions ( Figure 13B ). To clarify comparison of concretion effects on flow, facies permeability variations were the only depositional heterogeneity included in these reservoir simulations (shales were not included). Although details of these flow models differ, the visual similarity of displacement predicted by these two models is compelling. First breakthrough occurs in the center and a secondary breakthrough occurs in the top of both models. A statistical analysis of flow effects produced by stochastic concretions has been performed on the basis of many models and multiple realizations (C. D. White, 2001, unpublished data) . This analysis showed that predictions of breakthrough time, average permeability, and sweep efficiency are similar for models based on concretions mapped in the outcrop and those with geostatistical concretions. The difference between the mean responses of models with geostatistical concretions and the model with outcrop concretions is less than 5%, and the range of the stochasticmodel responses includes those predicted by the outcrop model for most responses. Unlike upscaled permeability, there are no analytic formulae to predict the effects of permeability heterogeneity on breakthrough time or sweep efficiency.
D I S C U S S I O N
In the past 15 years, considerable work has been done measuring horizontal permeability variation caused by depositional processes (see articles summarized in Kupfersberger and Deutsch [1999] ), but similar studies of diagenetic heterogeneity lag behind. Little quantitative information is available in the literature on the distribution of calcite concretions in deltaic sandstones, so it is difficult to know whether the Frewens cement distribution is characteristic or how widely this model can be applied to other sandstones. Many excellent investigations of calcite concretions have been published recently (for example, Bjørkum and Walderhaug, 1990a, b; Wilkinson, 1991; McBride et al., 1995; Taylor et al., 1995 Taylor et al., , 2000 Milliken et al., 1998; Walderhaug and Bjørkum, 1998; Klein et al., 1999) , but most researchers focused on the origin of the calcite cement rather than on quantitative data that can be used to predict low-permeability cement bodies in reservoir models. In addition, most of these studies have been of shallow-marine and shoreface deposits or turbidites, in which the concretions grew by diffusion from an internal source of biogenetic carbonate.
Most of the Frewens concretions occur in the coarsest, most permeable sandstones high in the sandstone body, above the position where shale-bed drapes are abundant ( Figure 12A ). It appears that the fluids carrying calcium and biogenic carbonate into the Frewens sandstone from the overlying fossiliferous shale precipitated calcite where fluid flow was greatest. The flow simulation that includes only facies and shale beds ( Figure 12B ) can be considered a model of fluid flow in the Frewens sandstone before cementation began; in a sense, the simulation provides a forward model of the regional flow system in which we think the concretions precipitated.
A greater concentration of cement in the most porous and permeable sandstones was observed on a larger scale as well. The Frewens sandstone bodies show systematic trends across successive beds over hundreds of meters, defined by an alternation of thicker, sandier, more steeply inclined beds with thinner, finer grained, more gently inclined beds (Willis et al., 1999) . Although not quantified, cement is most abundant in the sandier beds. Similarly, cement appears to be more abundant in the sand-rich deposits at the axes of the sandstone bodies than in the finer grained deposits along the margins. The outcrop documented in our study was a relatively sand-rich part of the Frewens interval, along the axis of the prograding delta. More work is needed to demonstrate whether the distribution of concretions observed here is also characteristic of the more heterolithic delta-margin deposits.
The Frewens concretion model would be most appropriately applied to analogous reservoirs in upwardcoarsening, deltaic sandstones lacking internal shell material and overlain by marine shales. The Frewens sandstones are interpreted to have derived their sediment primarily from a tide-reworked fluvial influx on rapidly prograding tidal-channel-mouth bars. Shells were sparse in this brackish setting, and most of the calcite cement was derived from overlying fossiliferous shales. It is probably not appropriate to apply the Frewens concretion model to sandstones containing abundant internal biogenic carbonate. Unlike the Frewens sandstone, the location of concretions in these sandstones generally reflects diffusional redistribution of biogenic carbonate whose location was controlled by depositional environment (Bjørkum and Walderhaug, 1990a, b; Walderhaug and Bjørkum, 1998) . Clearly, more studies like that presented in this article are required before a general model for calcite-concretion distribution in sandstones can be advanced.
C O N C L U S I O N S
Frewens sandstones have been variably overprinted by diagenesis, most significantly by precipitation of calcite concretions whose permeability contrasts markedly with the surrounding uncemented or poorly cemented host sandstones. The concretions are tabular, with their short dimension perpendicular to bedding. The calcite occurs mainly in the coarser grained facies at the top of the upper Frewens sandstone body. Concretion centers are randomly distributed. On average 12% of the sandstone is cemented, but this value ranges between 2 and 22% laterally along the outcrop. Cements increase upward because concretions are larger toward the top of the sandstone. Fossiliferous intervals in the overlying transgressive marine shale are inferred to be the source of calcium carbonate.
Data on the spatial distribution of cement determined from the Frewens sandstone can be used to populate permeability models of deltaic sandstones having similar diagenetic histories if reservoir-specific data are not available. The spatial distribution of cement in the Frewens sandstone can be modeled using indicator semivariograms. The presence and vertical distribution of cement in a reservoir can generally be determined from log and core data. This information can be used to condition the simulation and estimate vertical trends in cement proportion, while using the Frewens data to model the spatial correlation of cement.
Flow models of the Frewens sandstone indicate that modeling permeability from depositional facies alone will overestimate upscaled permeability and incorrectly predict flow paths. Upscaled permeability of the upper Frewens sandstone body is reduced by about half compared with that of an uncemented sandstone, and concretions cause fluid breakthrough to occur lower in the section because they retard flow in the coarser facies near the top of the sandstone body.
